Abstract: Many of the clinical and behavioral manifestations of traumatic brain injury (TBI) are thought to arise from disruption to the structural network of the brain due to diffuse axonal injury (DAI). However, a principled way of summarizing diffuse connectivity alterations to quantify injury burden is lacking. In this study, we developed a connectome injury score, Disruption Index of the Structural Connectome (DISC), which summarizes the cumulative effects of TBI-induced connectivity abnormalities across the entire brain. Forty patients with moderate-to-severe TBI examined at 3 months postinjury and 35 uninjured healthy controls underwent magnetic resonance imaging with diffusion tensor imaging, and completed behavioral assessment including global clinical outcome measures and neuropsychological tests. TBI patients were selected to maximize the likelihood of DAI in the absence of large focal brain lesions. We found that hub-like regions, with high betweenness centrality, were most likely to be impaired as a result of diffuse TBI. Clustering of participants revealed a subgroup of TBI patients with similar connectivity abnormality profiles who exhibited relatively poor cognitive performance. Among TBI patients, DISC was significantly correlated with post-traumatic amnesia, verbal learning, executive function, and processing speed. Our experiments jointly demonstrated that assessing structural connectivity alterations may be useful in development of patient-oriented diagnostic and prognostic tools. Hum Brain Mapp 38:2913-2922, 2017.
INTRODUCTION
Traumatic brain injury (TBI) involves damage to the brain from external mechanical forces, and this damage can lead to a range of physical, cognitive, and emotional sequelae [Morton and Wehman, 1995; Ponsford et al., 1995] . Studying disruption of white matter connectivity appears central to understanding the behavioral sequelae of the injury, as diffuse axonal injury (DAI) is considered as one of the most important mechanisms of cognitive deficits following TBI [Bigler, 2001] . However, only in recent years have methods emerged for quantifying the location and severity of white matter pathology [Hulkower et al., 2013] , possibly due to the challenges introduced by heterogeneity in the neuropathological processes of the disorder [Bigler et al., 2013; Povlishock and Katz, 2005] . Variations in the magnitude and direction of injury forces lead to corresponding variations in the nature, severity, and spatial distribution of the resulting pathology [Andriessen et al., 2010; McIntosh et al., 1996] . Although TBI can produce focal grey matter lesions, considerable research has shown that such focal lesions fail to account for much of the variation in functional outcome [Bigler, 2001; Gennarelli et al., 1998 ].
Understanding variations in the neuropathological processes of the disorder is key to understanding acute as well as chronic consequences of TBI, and to accurate treatment planning [Saatman et al., 2008; Wagner and Zitelli, 2013] . This requires quantitative evaluation of postinjury alterations in the brain structure. Several previous works have focused on sampling the severity of injury of brain structures that are common sites of injury (e.g., FA values of portions of the corpus callosum) [Kraus et al., 2007; Rutgers et al., 2008] or that represent the final pathway of a range of pathologic processes (e.g., the Marshall score [Marshall et al., 1992] or, more recently, the Rotterdam score [Maas et al., 2005] ). Such methods, however, assume that the severity of pathology in a specific region or gross indicators such as cisternal compression, which is part of both the Marshall and Rotterdam scoring systems, can accurately represent the global burden of pathology.
The heterogeneous nature of injury and neuropathology of TBI highlights the need for subject-specific analyses that can facilitate development of patient-oriented diagnostic and prognostic tools. Unlike group-level analyses, which aim to determine homogenous injury patterns such as common locations of injury across patients, subject-specific studies reveal injury patterns that are unique to each patient [Kim et al., 2013] . Additionally, the diffuse nature of the disorder, with multiple regions and systems affected to varying extents, necessitates the development of clinically relevant summary measures for assessing the overall injury burden. Thus, the main goal of this work is to quantify subject-specific injury burden reflecting diffuse connectivity changes in the structural brain network.
Diffusion imaging [Basser and Jones, 2002] provides an avenue to investigate structural changes in the brain by demonstrating how white matter connections between anatomical regions or diffusion characteristics (e.g., fractional anisotropy (FA) and mean diffusivity (MD)) along these connections are altered in TBI. Diffusion imaging has been used in TBI both for group-level [Tang et al., 2012; Vergara et al., 2017; Wang et al., 2011; Watanabe et al., 2016] and for subject-specific [Irimia et al., 2012; Kim et al., 2013; Kuceyeski et al., 2011; Mayer et al., 2014; Pal et al., 2012] investigations, mainly motivated by the goal of describing changes in diffusion characteristics like anisotropy and diffusivity of specific regions [Inglese et al., 2005; Sidaros et al., 2008] or specific white matter tracts [Huisman et al., 2004; Kraus et al., 2007] . Recently, studies on TBI-induced connectivity changes in the structural brain network (that is, changes in white matter connectivity between regions) have gained momentum [Aerts et al., 2016] . This is partly due to the fact that cognitive functions mainly rely on the coherent activity of distributed functional networks [Mesulam, 1998] , and the organization of structural brain network possibly modulates many of the functional dynamics that are disrupted by TBI [Hayes et al., 2016; Irimia et al., 2012] . Thus, studying brain connectivity from the perspective of network science may provide important insights into the neurobiological mechanisms of the disorder [Aerts et al., 2016] . This, in turn, may facilitate prediction of cognitive and clinical manifestations.
Previous works on the associations between brain structure and behavioral outcomes in TBI have mostly investigated diffusion characteristics (e.g., FA and MD) of brain structures Kraus et al., 2007; Lipton et al., 2012; Palacios et al., 2012] or changes in the topology of the structural brain network [Caeyenberghs et al., 2014; Fagerholm et al., 2015; Kim et al., 2014; Yuan et al., 2015] . However, links between diffuse abnormalities in the structural brain network and emerging cognitive deficits is a topic that has been only sparsely studied. At the state of the science, we still lack a way of summarizing diffuse connectivity alterations to quantify overall injury burden. Such a measure, if successful, could more accurately predict clinical outcomes of interest, and facilitate patient management and treatment planning.
In this work, we assessed connectivity-related injury burden in TBI by developing a connectome injury score named Disruption Index of the Structural Connectome (DISC) that summarizes the cumulative effects of connectivity abnormalities in the entire brain network. This subject-specific injury score combines local connectivity abnormalities, weighted by their impact on the information flow in the brain network. We show that the DISC is significantly correlated with measures of neuropsychological and functional status, supporting the notion that the DISC might help to elucidate further the link between structural connectivity alterations in TBI and its clinical manifestations.
MATERIALS AND METHODS

Participants
All participants provided informed consent directly or, if cognitively unable, via a Legally Authorized Representative. If ability to give consent improved prior to testing, such consent was obtained. The study was approved and overseen by the Institutional Review Board at the study site.
Forty participants with moderate-to-severe TBI and 35 uninjured healthy controls (HC) were enrolled in this study, as a part of a larger longitudinal project.
Participants with TBI were recruited from consecutive admissions to two inpatient rehabilitation units. To maximize the likelihood of DAI in the absence of large focal brain lesions, participants were included if they had sustained a nonpenetrating TBI with at least one of the following: (1) Glasgow Coma Scale (GCS) score <13 in the Emergency Department (not due to sedation, paralysis, or intoxication); (2) documented loss of consciousness for 12 h; (3) prospectively documented post-traumatic amnesia (PTA) 24 h. Other inclusion criteria were (4) estimated total focal lesion volume <5 cm 3 for subcortical areas and 50 cm 3 for cortices and (5) age 18-64. Participants were excluded for (1) history of prior TBI, CNS disease, seizure disorder, schizophrenia, or bipolar disorder; (2) history of long-term abuse of alcohol or stimulants (e.g., cocaine) likely to have resulted in neurologic sequelae; (3) pregnancy; (4) inability to complete MRI scanning due to ferromagnetic implants, claustrophobia, or restlessness; (5) nonfluency in English; and (6) level of disability too great to allow for completion of testing and scanning by 3 months post-TBI.
The HC sample constituted participants recruited from public advertising in local newspapers, and from social contacts of hospital staff and TBI participants. Control participants were eligible if they had no history of TBI with loss of consciousness or other CNS disorder (including long-term alcohol or stimulant abuse resulting in neurologic sequelae). They were excluded for pregnancy and for inability to complete MRI scanning due to ferromagnetic implants or claustrophobia. Although controls were not matched 1:1 to participants with TBI, the demographic characteristics of the TBI group were examined periodically to ensure balance with respect to age, gender, race/ ethnicity, and education.
Global Outcome and Cognitive Measures
TBI patients underwent behavioral assessment and neuroimaging at approximately 3 months post-injury (mean: 103.7 days, SD: 18.2 days). In our analysis, we included three measures widely used in clinical research on TBI. The Glasgow Outcome Scale-Extended (GOSE) [Wilson et al., 1998 ] and the Disability Rating Scale (DRS) [Rappaport et al., 1982] were included as measures of global functional outcome at the time of neuroimaging. The GOSE is an elaboration of the Glasgow Outcome Scale that expanded the original five categories to eight: Dead, Vegetative State, Lower Severe Disability, Upper Severe Disability, Lower Moderate Disability, Upper Moderate Disability, Lower Good Recovery, and Upper Good Recovery. The DRS provides a single score characterizing the level of outcome from vegetative state to having no disability. Duration of post-traumatic amnesia (PTA) was also included as a sensitive behavioral index of the severity of neurologic injury. It was calculated as the number of days between the TBI and the first of two occasions within 72 h that the participant was fully oriented (as defined by the Galveston Orientation and Amnesia Test [Levin et al., 1979] or the Orientation Log [Jackson et al., 1998 ], or documentation of consistent orientation in the acute medical record).
Cognitive function was assessed using a brief battery of neuropsychological tests emphasizing anterograde memory, information processing speed, and executive function. The Rey Auditory-Verbal Learning Test [Rey, 1958] was used to evaluate verbal learning. To assess the speed of mental processing, we used the Processing Speed Index from the Wechsler Adult Intelligence Scale-IV [Wechsler et al., 2008] .
The following five tests were used to measure different aspects of executive function: Controlled Oral Word Association Test [Benton et al., 1994] , Trail Making Test-Part B [Reitan and Wolfson, 1985] , Color-Word Interference Test, and Digits Backward and Letter-Number Sequencing subtests from the Wechsler Memory Scale IV [Wechsler, 2009] . A composite score for executive function was constructed to reduce type I error and increase signal-to-noise ratio. We identified the rank of a participant on each individual measure and averaged the ranks across five measures to form the composite executive measure.
Diffusion MRI Imaging and Construction of Brain Networks
MRI Imaging was conducted on a Siemens 3.0 T Trio whole-body scanner (Siemens AG, Erlangen, Germany), using a product 8-channel array head coil. Diffusion tensor imaging (DTI) data were acquired with a single-shot, spinecho, diffusion-weighted echo-planar imaging sequence and a generalized autocalibrating partially parallel acquisition (GRAPPA) imaging acquisition. The diffusion sampling scheme consisted of 30 noncollinear and noncoplanar diffusion encoding directions isotropically distributed in space (b 5 1000 s/mm 2 ) and seven b0 images (b 5 0 s/mm 2 ) spaced out throughout the session. Additional imaging parameters were as follows: TR 5 6500 ms, TE 5 84 ms, flip angle 5 908 number of averages 2, and an isotropic resolution of 2.2 mm. High-resolution T1-weighted anatomic images were also obtained using a 3D MPRAGE imaging sequence with the following acquisition parameters: TR 1620 ms, TI 950 ms, TE 3 ms, flip angle 158, 160 contiguous slices of 1.0 mm thickness, field of view 192 3 256 mm 2 , matrix 5 192 3 256, and 1NEX with a scan time of 6 min. The resulting voxel size was 1 mm 2 . Given N brain regions and structural connections between them, a network representation of the brain consists of N nodes corresponding to anatomical regions, and edges corresponding to structural connections between them. To define nodes of the brain network, the T1 image of each participant was segmented into 86 gray matter regions of interest (ROIs) of the Desikan atlas [Desikan et al., 2006] using Freesurfer [Fischl et al., 1999] . The edges (i.e., connections between regions) of the network were generated using probabilistic tractography [Behrens et al., 2007] seeded from r Connectivity Related Injury Burden in TBI r r 2915 r white matter (WM)/gray matter (GM) boundaries of the regions. The probtrackx utility of FSL [Jenkinson et al., 2012] was used for tractography, with its default parameters and 100 seeds per voxel. Tractography was run separately in each participant's diffusion space, without registering images of all participants into a fixed template space. The edge weights were calculated as the number of streamlines representing the connectivity strength. We enforced a network density of 15% by pruning possibly spurious edges with a weight that was lower than a certain threshold. The threshold was determined for each participant independently, with a fixed network density (15%) for all participants.
Detection of Connectivity Abnormalities
Identification of subject-level abnormalities was performed by comparing individual features against a healthy sample. In our case, features were connections of the structural brain network. For each connection (edge), we defined a distribution of its weight using our HC sample. Each edge, therefore, had a corresponding normal distribution (called control distribution) derived empirically from the edge weights of the individuals in the HC sample. Edge weight was normalized using the mean and the standard deviation of its control distribution (z-score normalization). Note that this was done both for patient and HC samples, using the same control distribution.
Given a brain network, abnormal edges were identified as those with weights substantially lower than the mean of the corresponding control distribution. Intuitively, being substantially lower means being lower than a predefined threshold T [Lipton et al., 2012; White et al., 2009] . We used the distribution-corrected z-score (DisCo-Z) thresholding method [Mayer et al., 2014 ] to determine the threshold T. DisCo-Z corrects for the bias caused by using the same control distribution derived from the HC sample when identifying abnormal edges both for patient and HC samples.
The DisCo-Z method defines two thresholds separately for patient and HC samples. For patients, the threshold is calculated by T p 5t a;N 2 1 ffiffiffiffiffiffiffiffiffiffi 11 1 N q , where N is the sample size for HC, a is the significance level, and t a;N 2 1 is the 100a percentile of a t-distribution with N21 degrees of freedom. In our experiments, we selected a commonly used significance level a 5 0:0228, which roughly corresponds to 1:96 for z-score normalized weights (i.e., being 2 standard deviation away from the mean). For the HC sample, the threshold is calculated by T h 5 12N ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 
Imaging-Based Clustering of Individuals
To demonstrate that connectivity-related abnormality provides meaningful information that can be linked to behavioral outcomes of TBI, we first performed a traditional group comparison, with groups being identified in a data-driven manner by a clustering method. We calculated similarity between individuals by measuring the overlap between their sets of abnormal edges, as has been previously done in genomics [Yang et al., 2010] .
Each individual was represented by an M-dimensional vector u5 u 1 ; u 2 ; . . . ; u M ð Þ , where M is the number of edges in the brain network and u i 51 if i th edge is identified as abnormal, and 0 otherwise. In our experiments, we discarded an edge from the analysis when the mean or the standard deviation of its control distribution was less than 1310
26 . The binary feature u i was normalized as
is the frequency of this edge being abnormal in the entire sample. The similarity between individuals j and k was then calculated as s jk 5 P i x ij x ik . Note that the normalization of u i increases the importance of an abnormal edge that is not common in the population [Yang et al., 2010] , thereby, increasing similarity between individuals when they share unexpected abnormalities.
We used spectral clustering [Von Luxburg, 2006 ] to detect groupings of individuals, based on similarity between them. Spectral clustering identifies groups of individuals that are highly similar to each other (i.e., having high s jk values) while not having much similarity with others. The number of groups was decided by utilizing consensus clustering approach [Monti et al., 2003 ] and a measure called proportion of ambiguous clustering (PAC) [S , enbabao glu et al., 2014] . Finally, we compared identified groups of individuals in terms of their cognitive and global outcome measures, using Wilcoxon rank-sum test.
Disruption Index of Structural Connectome
We tested whether the DISC that is calculated by fusing diffuse connectivity abnormalities induced by TBI can provide subject-specific and behaviorally relevant information. Using the M-dimensional vector representation of an individual (u) defined in the previous section, the DISC is calculated as b5 P M i w i u i , where w i is the importance of an edge. Note that the DISC defines a subject-specific injury score, by considering accumulated effects of abnormalities in multiple edges.
Different approaches can be considered to calculate the importance of an edge (w i ). In this work, we measured the importance with respect to the efficiency of the brain network, as we assume that behavioral manifestations are related to the diffuse information flow deficiencies in the brain network. In our experiments, we used the edge betweenness centrality measure [Girvan and Newman, 2002] as the edge weight, calculated using average brain network of HC sample, using Brain Connectivity Toolbox [Rubinov and Sporns, 2010] . The edge betweenness centrality is the number of shortest paths that go through an edge in a network, and it quantifies how important the edge is in facilitating communication in the network. To provide a detailed analysis, however, we have also considered three more alternatives. First, we used uniform weights (w i 51) for all edges. Second, we defined another measure to quantify the contribution of an edge toward the global efficiency [Rubinov and Sporns, 2010] of the network. We calculated the global efficiency for the average brain network of HC sample, and then we removed an edge from the network and calculated the efficiency again. The relative decrease in the efficiency was assigned as the weight of the edge. This was repeated for all edges. Third, we used risk ratio, similar to calculating polygenic risk scores in genetic analyses [Yang et al., 2010] . The risk ratio for an edge was calculated as the ratio of the probability of being a patient when the edge is abnormal to the probability of being a patient when the edge is healthy. We assessed the statistical significance of difference between approaches using a method by Steiger [Steiger and H, 1980] , taking into account the correlation between approaches.
RESULTS
Connectivity Abnormalities
The edges of the structural brain network that were identified as abnormal are illustrated in Figure 1 . The figure also shows the weights (w i ) of network edges (measured by edge betweenness centrality), which are used when calculating the subject-specific injury scores. Interestingly, the most affected edges connected highly central brain regions including thalamus, putamen, insula, caudate, and hippocampus, most of which are among structural hub regions. Hub regions facilitate integration of distributed clusters of regions and thereby play important roles in the coordination of information flow [Sporns et al., 2007] . The correlation analysis between brain region centrality (measured by node betweenness centrality) and the number of times (across participants) that they were identified as affected yielded a statistically significant result (Pearson correlation coefficient: 0.56, P value < 10 27 , see Fig. 2 ). This suggests a preferential effect of TBI on central regions of the brain network. Figure 3 illustrates the similarity between individuals by an adjacency matrix, where each cell of the adjacency matrix is the pairwise similarity (see s jk in Materials and Methods). In the figure, individuals are ordered so as to clearly visualize two groups. Using this adjacency matrix and spectral clustering, we identified two groups: one group consisting of 10 patients and another including the rest of the participants (30 patients and 35 healthy controls). Despite the obvious imbalance in group sizes, Wilcoxon rank-sum test with cognitive scores of individuals resulted in significant and substantial group differences as Table I . For all three cognitive scores, the effect size of group difference (Cohen's d in Table I ) was large. Overall, differences suggest that connectivity related abnormalities in the structural brain network are associated with cognitive and functional limitations.
Imaging-Based Clustering of Individuals
Disruption Index of Structural Connectome
We computed the DISC for all patients and healthy controls. Figure 4 shows the distribution of the DISC, illustrating that the patients have higher injury scores overall, with a significant group difference (Wilcoxon rank-sum test, P value: 0.0009). Next, we calculated correlation between the DISC and multiple behavioral outcomes including cognitive and global outcome measures (Tables II and III) . Effect of different edge weighting schemes (w i ) is also given in the tables.
Significant correlations were observed between the DISC of patients and their cognitive scores and PTA duration, as given in Tables II and III . No significant correlation was observed between the DISC and the cognitive measures for the HC sample. When comparing correlation coefficients with different weighting schemes [Steiger and H., 1980] , statistically significant differences were observed for executive functioning (between using uniform weights and betweenness centrality with P 5 0.0120 and between using risk ratio and betweenness centrality with P 5 0.0084), for processing speed (between using uniform weights and risk ratio with P 5 0.0444), for PTA (between using risk ratio Figure 2 . Correlation between centrality of regions and the number of times that they were identified as being affected (that is, connected by an abnormal edge). Significant correlation (P value < 10
27
) between two suggests that TBI preferentially affects central regions. [Color figure can be viewed at wileyonlinelibrary.com] Figure 3 . Similarity between individuals as calculated by considering overlapping abnormalities between them (s jk ). Rows and columns are participants, and color indicates the level of similarity between two participants. Similarity values were normalized to the range 0-1, where 0 means no similarity and 1 means the maximum similarity. Individuals were ordered so that groupings would be clearer. A group of patients (right bottom part of the figure) clearly defines a separate cluster with high similarity among them. [Color figure can be viewed at wileyonlinelibrary.com] and betweenness centrality with P 5 0.0495), and for GOSE (between using uniform weights and change in efficiency with P 5 0.0499).
Our results suggested that assessing connectivity-related abnormalities in the structural brain network provides a reliable injury score that is associated both with the best available behavior measure of diffuse injury severity (PTA duration) and with cognitive and functional outcomes.
DISCUSSION
It is widely presumed that heterogeneous distributions of white matter damage play a central role in explaining the variation in clinical outcome following TBI. However, methods for characterizing TBI-related changes in structural connectivity on a patient-by-patient basis are lacking. Advances in prognosis and treatment planning have been hampered by a limited understanding of how individual patterns of white matter injury map onto functional outcomes. Hence, there is a great need for patient-specific measures of structural connectivity to develop precision tools for TBI diagnosis and treatment. Network science provides a framework for characterizing connections among spatially distinct brain regions, and holds particular promise for elucidating the neurobiological mechanisms of TBI.
In this study, we proposed new computational tools to assess the overall injury burden in TBI, quantifying structural connectivity changes in the brain network. We first identified connections (edges) of the structural brain network that were mostly affected by TBI. Notably, identified abnormal edges (Fig. 1) were among those that connect highly central regions (Fig. 2) , thereby affecting the coordination of information flow in the network. High centrality is an important characteristic of hub regions that facilitate integration of information among segregated neural clusters. Damage to hub regions may have critical implications in neuropsychological outcome after brain injury [Warren et al., 2014] . Our results, in agreement with the previous works [Fagerholm et al., 2015; Kim et al., 2014; Yuan et al., 2015] , suggested that the connectivity of central regions is preferentially impaired in TBI.
We then performed experiments encompassing different levels of analysis, to illustrate how comprehensively quantifying structural connectivity alterations in TBI may provide useful information regarding the behavioral outcomes of the injury. Our experiments jointly demonstrated that assessing structural connectivity alterations may be useful in development of patient-oriented diagnostic and prognostic tools. We showed that a similarity measure defined between individuals, by computing the overlap between their sets of abnormal connections, can identify behaviorally homogenous grouping of participants. Comparison between two groups that were identified using connectivity based similarity (Fig. 3) , revealed statistically significant differences in terms of cognitive scores of participants (Table I) . The difference in neuropsychological performance between two groups was quite profound. For example, participants in group 2 (Table I) scored, on average, within the normal range on Processing Speed, whereas those in group 1 were, on average, within the range considered to be impaired. Similarly, participants in group 2 recalled nearly twice as many words over 4 trials on the learning task than those in group 1, a difference with obvious clinical significance. We could not include global outcome measures in this analysis as they were not available for HC sample. Additionally, we showed that a subject-specific injury score (DISC), summarizing diffuse connectivity alterations in the entire brain network, could explain variation in cognitive and clinical outcomes (II and III). The correlation between PTA and DISC was particularly strong, whereas there was no significant correlation with the two global outcome measures GOSE and DRS (Table III) . It has been assumed that PTA duration reflects the overall amount of DAI [Benson et al., 2007; Povlishock and Katz, 2005] , suggesting that the DISC efficiently captures the extent of brain damage in the individual. The failure of the DISC to predict the global outcome measures is most likely related to the extraneous factors that may affect the latter types of outcomes. That is, one's independence within the home and community, including vocational functioning, is affected by factors such as the degree of help received at home, the availability of jobs to which the participant may return, the opinions of clinicians rating readiness to return to work, and so on.
There were medium to large correlations between the DISC and cognitive performance across all three cognitive domains: processing speed, verbal learning, and executive functioning (Table II) . Processing speed deficits are thought to arise from widespread reductions in network efficiency across brain networks [Felmingham et al., 2004] . Some have suggested that TBI-related deficits in executive function and verbal learning are related to more targeted disruption in the brain networks that subserve those functions Lipton et al., 2009] , whereas other studies have shown associations between these functions and global indices of white matter integrity [Kraus et al., 2007; Kumar et al., 2009] .
Interestingly, no significant correlation was observed between cognitive scores and the DISC in HC sample. The lack of correlation in HC sample may be attributed to restrictions of range on either the DISC or the cognitive measures, or both. Given the variability in executive function observed in many studies of healthy samples [Salthouse et al., 2003 ]; however, it may be fruitful in future to determine whether the DISC is suitable for helping to explain typical variability.
There are several methodological limitations of this work that need to be addressed in futures studies. First of all, the current use of DTI may be replaced by new imaging protocols such as the high angular resolution diffusion-weighted imaging (HARDI) [Tuch et al., 1999; Tuch et al., 2002] due to their superior characterization of the complex WM structure in regions of fiber crossing, which improves the reliability of fiber tractography [Côt e et al., 2013; Fillard et al., 2011; Tournier et al., 2012] . This may be especially beneficial for more reliable reconstruction of subcortical tracts that we have demonstrated to be preferentially affected by TBI (Fig. 1) . Second, the current design of the DISC makes a binary distinction between normal and abnormal connections by comparing connectivity strength of an edge to a single threshold. Although the final score summarizes cumulative effects of connectivity abnormalities in the entire brain network, therefore being a continuous measure, the binary separation from normality may be restrictive in terms of possible ranges of the final score. This possibility was also supported by the similarity graph of participants (Fig. 3) , where variation in the entire sample was only visible in a portion of the graph (bottom right). In future studies, the effect of using multiple thresholds can be investigated. Another possibility is to use normalized z-scores of connectivity strengths, with no thresholding. In this case, z-scores should be adjusted against the bias caused by using the same mean and standard deviation (derived from HC sample) for normalizing both TB and HC samples. This would necessitate development of new statistical methods. Finally, DISC relies on a control distribution that is defined using a HC sample. This is effective under the assumption that the HC sample is a good representative of the population. Thus, both the HC and patient samples need to be acquired on the same scanner due to possible site-related variations. Future work is needed to demonstrate the repeatability of the measure across multiple sites with different scanners, imaging protocols, and participant demographics, as well as in combining data across scanners.
In summary, our findings support the potential clinical utility of a subject-specific whole-brain-based measure of structural connectivity. The DISC distinguished TBI patients with primarily diffuse injury from uninjured controls, and when subjected to a spectral clustering algorithm, identified the subgroup of TBI patients with the poorest cognitive outcomes. Among TBI patients, the DISC exhibited medium to high correlations with the clinical measures most theoretically linked to DAI, namely, PTA and cognitive functioning. These findings lend further support to the notion that network disruption related to DAI is the pathological mechanism underlying PTA and cognitive dysfunction. The fact that we demonstrated these findings in a carefully selected sample of TBI patients with predominantly diffuse injury, studied at a uniform time postinjury, is a notable strength of this study.
